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A B S T R A C T
Documenting the origins, residence times, and movement of groundwater and the solutes that it contains is
critical to understanding hydrogeological systems. This study uses Cl mass balance to determine the Cl accession
time (i.e. the time required for Cl to accumulate) and 36Cl to estimate the residence times of Cl in the Victorian
portion of the Murray Basin, southeast Australia. Much of the Murray Basin contains saline groundwater with
total dissolved solids (TDS) concentrations commonly> 14,000 mg/L and locally up to 300,000 mg/L. The total
mass of Cl stored in the Victorian portion of the basin is estimated as between 12,400 and 47,100 MT. Using
present day rainfall totals and Cl concentrations in rainfall, the Cl accession time is 170 to 650 ka. Aquifer
thicknesses and groundwater salinity both increase westwards in this part of the Murray Basin. Consequently,
the Cl accession times increase westward from 0.1–0.6 ka to 286–1080 ka. By contrast, 14C activities of the
majority of the groundwater are> 2 pMC, and commonly much higher. Notwithstanding the diﬃculty in cor-
recting 14C residence times, the widespread occurrence of groundwater with above background 14C activities
implies that groundwater residence times are generally< 30 ka, which is substantially shorter than the Cl ac-
cession times. R36Cl (the ratio of 36Cl to total Cl × 1015) values of the groundwater are between 20 and 230, and
are uncorrelated with Cl concentrations. While it is diﬃcult to determine precise Cl residence times, the ob-
servation that the R36Cl values are signiﬁcantly higher than those that represent secular equilibrium with the
aquifer matrix (R36Cl of 5 to 10) indicates that they are up to a few hundred thousand years and similar to the Cl
accession times. The R36Cl values together with the geology of the aquifers, stable isotope ratios, and major ion
geochemistry precludes halite dissolution, incorporation of connate water, or the long-term diﬀusion of Cl from
clays as mechanisms of producing the elevated Cl concentrations. Rather, it is most likely that the high Cl
concentrations result from recycling of solutes in saline lakes and playas or repeated cycles of evapotranspiration
in the unsaturated zone.
1. Introduction
Understanding groundwater systems requires that the origins, re-
sidence times, and movement of both the water and the solutes be
known (Edmunds, 2009). Groundwater in regional aquifer systems is
derived almost exclusively from rainfall and many of the solutes in
groundwater are also derived from rainfall or dry atmospheric deposi-
tion. Relatively conservative solutes, such as Cl, have limited sources
and sinks in groundwater systems. In the absence of signiﬁcant halite
deposits or connate waters in the aquifers, virtually all Cl in ground-
water is provided by rainfall and dry deposition (Herczeg and Edmunds,
2000; Edmunds, 2009). Cl only forms minerals (notably halite) at very
high salinities and does not take part in ion-exchange reactions except
at high temperatures. Thus, Cl generally remains dissolved in the
groundwater and is only removed from the basin by groundwater dis-
charge. These properties result in the common use of Cl commonly
being used to understand the distribution and quantity of recharge, the
location and ﬂux of groundwater to surface water bodies, and mixing
within aquifers (Wood and Sanford, 1995; Douglas et al., 2000; Scanlon
et al., 2002, 2006; Cook, 2013). The use of Cl to determine recharge
rates implicitly assumes that Cl residence times are the same as the
groundwater in which it is dissolved. However, as discussed below,
there is evidence that this is not the case in some regional aquifer
systems.
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1.1. Determining accession and residence times
Because of its eﬀective range of up to 30 ka, and due to the ubi-
quitous presence of dissolved inorganic carbon (DIC) in groundwater,
14C is widely used to estimate groundwater residence times (Clark and
Fritz, 1997; Kalin, 2000). The interpretation of 14C residence times
requires an understanding of the behaviour of DIC in the groundwater.
Ideally, all DIC is derived from the atmosphere or soil zone and any
reduction in 14C activities is due to decay. Processes such as metha-
nogenesis, addition of geogenic CO2, and/or dissolution of carbonates
from the aquifer matrix, however, add old 14C–free carbon to the
groundwater, reducing 14C activities. Care also has to be exercised to
avoid introduction of 14C from contamination with atmospheric CO2
during sampling, especially where large volumes of water are processed
in the ﬁeld (Aggarwal et al., 2014). While there are uncertainties in
determining 14C residence times (Clark and Fritz, 1997; Kalin, 2000;
Coetsiers and Walraevens, 2009; Han et al., 2012), no processes within
the aquifers signiﬁcantly increase the 14C activities of groundwater.
Hence, if atmospheric contamination can be discounted, uncorrected
14C activities yield maximum estimates of groundwater residence times
and the presence of above-background 14C (generally ~2 pMC in most
studies) implies groundwater residence times of< 30 ka (Clark and
Fritz, 1997).
Cl accession times may be estimated from the total volume of Cl
stored in the groundwater divided by the annual Cl input via rainfall or
dry deposition (Wood and Sanford, 1995). 36Cl is a cosmogenic isotope
with a half-life of 301 ka that is introduced into groundwater systems
via rainfall (Clark and Fritz, 1997). R36Cl (the ratio of 36Cl to total
Cl × 1015) values may be used to estimate the residence times of Cl
where these are in the range 0.1 to 1 Ma (Davie, 1989; Cresswell et al.,
1999; Phillips, 2000; Love et al., 2000; Lavastre et al., 2010; Labotka
et al., 2015). Estimation of Cl residence times using 36Cl requires
knowledge of the initial R36Cl in the recharging water, insigniﬁcant old
Cl input from halite dissolution, and that the in-situ production of 36Cl
in the aquifers or at the surface is low or well known. Because R36Cl
values of recharging water are spatially and temporally variable (e.g.
Davie, 1989; Phillips, 2000), determining Cl residence times is not al-
ways straightforward. However, where R36Cl values in groundwater are
above those that would result from in-situ production of 36Cl, Cl re-
sidence times will be< 1 Ma (Cresswell et al., 1999; Phillips, 2000).
1.2. Decoupling of water and solutes in aquifers
High Cl concentrations in groundwater may be caused by the release
of Cl from long-term stores such as halite deposits or trapped connate
brines. In such cases, the ﬂushing of the basin with younger ground-
water will eventually remove the old Cl and the net Cl stored in the
basin will decrease with time. Even where Cl concentrations are close to
being in steady state, a variety of processes may result in Cl residence
and accession times being longer than those of the groundwater. For
example, saline lakes and playas are normally discharge areas where
evaporation removes water and concentrates solutes. During high
rainfall periods, these sites may revert to recharge areas and old solutes
can be ﬂushed back into the aquifers (Herczeg et al., 1992; Macumber,
1992; Jones et al., 1994; Kharaka and Hanor, 2013). Similarly in semi-
arid regions, Cl may accumulate over long periods in the soil and re-
golith due to high evapotranspiration rates and be periodically re-
charged into the aquifers following heavy rainfall (Allison et al., 1985;
Leaney et al., 2003; Lenahan et al., 2005; Scanlon et al., 2006). Alter-
natively, Cl may be held in long-term stores such as clays and diﬀuse
into relatively young groundwater ﬂowing through adjacent aquifers
(Hendry and Schwartz, 1988; Long et al., 1988; Lavastre et al., 2010;
McIntosh et al., 2011; Labotka et al., 2015). In the latter case, if
groundwater from the aquifers alone were considered, Cl residence
times estimated from R36Cl values may be far longer than the accession
times based on the volume of Cl in the groundwater.
Globally, there are examples where the R36Cl values implies that Cl
residence times are longer than those of the groundwater in which it is
contained (as determined using 14C or other methods). For example,
Lenahan et al. (2005) noted that residence times estimate using 36Cl in
shallow groundwater from Broken Hill, Australia, were much older than
expected given calculated inﬁltration rates. Zhou (2001) estimated that
36Cl residence times in groundwater from the North China Plain were
250–300 ka, which are much older than the groundwater residence
times of 5–35 ka estimated from 14C activities. Discrepant 36Cl and 14C
residence times are also reported in groundwater from Maryland, USA
(Purdy et al., 1996) and the Paris Basin, France (Lavastre et al., 2010).
Similarly, Howcroft et al. (2017), calculated that Cl accession times in
the Barwon River catchment of southeast Australia were higher than
the groundwater residence times estimated using 14C.
1.3. Objectives
This study estimates both the accession and residence times of Cl in
the Murray Basin, Australia using Cl concentrations and R36Cl values
and compares these with groundwater residence times determined from
14C. We use these data to assess the most likely mechanisms for gen-
erating high-salinity groundwater in this basin. The Murray Basin
contains some of the most saline terrestrial groundwater with total
dissolved solids (TDS) concentrations commonly> 13,000 mg/L and
locally exceeding 300,000 mg/L (Evans and Kellett, 1989; Macumber,
1992; Jones et al., 1994). Previous studies noted that the timescales for
the Cl to accumulate in parts of the Murray Basin are probably in excess
of a few hundred thousand years (Evans and Kellett, 1989; Jones et al.,
1994; Simpson and Herczeg, 1994; Herczeg et al., 2001; Leaney et al.,
2003; Cartwright et al., 2007c). These are considerably longer than the
groundwater residence times, which in much of the southern part of the
Murray Basin are< 30 ka (e.g., Cartwright et al., 2012). However, the
mechanisms that caused the accumulation of Cl and the decoupling
between solutes and groundwater are not well understood.
To our knowledge, this is the ﬁrst study to discuss explicitly both Cl
residence and accession times in groundwater. Understanding the be-
haviour of Cl in groundwater is critically important for understanding
regional hydrogeology and for using Cl for determining groundwater
residence times or recharge rates. Assessing regional groundwater sys-
tems using this approach may also help determine whether a basin is in
a state of equilibrium with respect to hydrological and geochemical
cycles (e.g. Currell et al., 2016). While it is based on a speciﬁc area, the
approach taken is relevant to studies of other large basins that contain
saline groundwater.
2. Setting
The Murray Basin (Fig. 1a) is an intracratonic basin in southeast
Australia with a surface area of ~300,000 km2. Comprehensive sum-
maries of the structure, stratigraphy, and geochemistry of the Murray
Basin are provided by Lawrence (1988), Brown and Radke (1989),
Evans and Kellett (1989), Herczeg et al. (2001), and Cartwright et al.
(2008, 2012). The basin comprises up to 600 m thick sequences of
Palaeocene to Recent sediments that overlie Proterozoic to Mesozoic
basement rocks (Fig. 1b). The basin is divided into the Riverine, Scotia,
and Mallee-Limestone Provinces, which are sub-basins separated by
basement ridges (Fig. 1).
2.1. Stratigraphic framework
This study examines the Riverine and Mallee-Limestone Provinces
of Victoria. The basin stratigraphy together with the Victorian Aquifer
Framework designation (Department of Sustainability and
Environment, 2012) is summarised in Fig. 1b and Table 1. There are
several well-deﬁned aquifers. The lowermost Renmark Group (Lower
Tertiary Aquifer) consists of ﬂuvial silts, sands, gravels, and clays. In the
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Mallee-Limestone Province, the Murray Group (Upper Mid-Tertiary
Aquifer) comprises mainly marine limestone together with calcareous
sands, marls, and silts. In the Riverine Province, the ﬂuvial sands, silts,
and clays of the Calivil Formation (Upper Tertiary Aquifer - Fluvial)
overlie the Renmark Formation. In most of the Riverine Province, the
Calivil Formation is in hydraulic continuity with the underlying Ren-
mark Formation (Lower Tertiary Aquifer). Due to incision and sub-
sequent sedimentation following the Middle Miocene marine regres-
sion, the Calivil and Renmark Formations are thickest and contain the
coarsest grained sediments in the valleys of present-day rivers (e.g., the
Murray, Campaspe, Lodden, Avoca, Ovens, and Goulburn); these areas
are commonly referred to as “deep leads”. In the western Riverine
Province and the Mallee-Limestone Province, marine sands and silts of
the Loxton-Parilla Sands (Upper Tertiary Aquifer – Marine) are the
stratigraphic equivalent of the Calivil Formation. The Shepparton For-
mation (Upper Tertiary/Quaternary Aquifer) comprises heterogeneous
and laterally discontinuous ﬂuvio-lacustrine clays, sands, and silts that
overlies the Calivil Formation and locally the Loxton-Parilla Sands. The
Quaternary Aquifer groups all Pleistocene to Recent aeolian, ﬂuviatile,
lacustrine, alluvial, and colluvial sediments. Additionally, there are
minor occurrences of Upper Tertiary Basalts at the southern margin of
the Murray Basin that form local aquifers.
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Fig. 1. a. Thickness and extent of the Murray Basin
(modiﬁed from Evans and Kellett, 1989). Rainfall
R36Cl values from Davie (1989). 1b. Cross section of
the Murray Basin stratigraphy across line X-X′ in
Fig. 1a showing the main aquifers and aquitards (after
Evans and Kellett, 1989). Abbreviations:
MLP =Mallee-Limestone Province, RP = Riverine
Province; SP = Scotia Province.
Table 1
Summary of the units that make up the Victorian Aquifer Framework and the corresponding beneﬁcial use dataset.
Victoria aquifer frameworka Unitsb Beneﬁcial use datasetc
Quaternary aquifer (QA) All surﬁcial sediments Water table
Upper Tertiary/Quaternary Basalts (UTB) Newer volcanics Upper tertiary
Upper Tertiary/Quaternary Aquifer (UTQA) Shepparton formation Upper tertiary
Upper Tertiary/Quaternary Aquitard (UTQD) Blanchetown clay Upper tertiary
Upper Tertiary Aquifer – Marine (UTAM) Loxton-Parilla sands Upper tertiary
Upper Tertiary Aquifer – Fluvial (UTAF) Calivil formation Upper tertiary
Upper Tertiary Aquitard (UTD) Bookpurnong beds, lower Loxton clays Upper tertiary
Upper Mid-Tertiary Aquifer (UMTA) Murray group limestone Middle tertiary
Upper Mid-Tertiary Aquitard (UMTD) Geera clay, winnambool formation Middle tertiary
Lower Mid-Tertiary Aquitard (LMTD) Ettrick formation Middle tertiary
Lower Tertiary Aquifer (LTA) Renmark group Lower tertiary
a Department of Sustainability and Environment (2012).
b Units shown on Fig. 1b.
c http://www.data.vic.gov.au
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There are several conﬁning layers present in the western Riverine
and Mallee-Limestone Provinces. The Ettrick Formation, Winnambool
Formation, Geera Clay, and Bookpurnong Beds envelop the Murray
Group and consist of interbedded clays, marls, silts, limestones, and
sands. In the Victorian Aquifer Framework, these units are assigned to
the Lower Mid-Tertiary Aquitard, Upper Mid-Tertiary Aquitard, Upper
Tertiary Aquitard, and Upper Tertiary/Quaternary Aquitard (Table 1).
The annual rainfall in the Victorian portion of the Murray Basin
varies from up to 2000 mm in the southeast to ~400 mm in the
northwest; most of the region has annual rainfall of 400 to 600 mm
(Bureau of Meteorology, 2017). Rainfall occurs dominantly in the
austral winter months (July–September) and for much of the year po-
tential evapotranspiration rates exceed rainfall (Bureau of Meteorology,
2017). The high evapotranspiration rates result from a combination of a
semi-arid climate that has long dry periods and the native vegetation
that has high transpiration rates (Allison et al., 1990).
2.2. Groundwater ﬂow
The shallowest formations are unconﬁned and receive recharge over
broad areas (Calf et al., 1986; Leaney and Allison, 1986; Evans and
Kellett, 1989; Leaney et al., 2003; Cartwright et al., 2006, 2008, 2012).
Recharge from the Murray River and some of its tributaries locally
occurs at high river stages (Evans and Kellett, 1989; Cartwright et al.,
2010b). Except for a small region in the southwest that discharges to
the Southern Ocean, the Murray Basin is closed and groundwater ﬂows
from the basin margins and discharges to salt lakes near its centre
(Fig. 1a). Especially in the Riverine Province, preferential groundwater
ﬂow occurs through the coarse-grained Calivil-Renmark sediments in
the deep leads (Arad and Evans, 1987; Macumber, 1991; Cartwright
et al., 2006, 2008). The Murray River and its tributaries locally receive
groundwater inﬂows at low river stage and export some of the
groundwater and solutes from the basin (Evans and Kellett, 1989;
Simpson and Herczeg, 1994; Cartwright et al., 2013).
There are few aquitards in most of the Riverine Province (Fig. 1b),
which potentially allows widespread inter-aquifer ﬂow to occur (Arad
and Evans, 1987; Evans and Kellett, 1989; Macumber, 1991; Cartwright
et al., 2010a, 2012). Even in the Mallee-Limestone Province the hy-
draulic conductivities of the Tertiary aquitards are locally suﬃciently
high to locally allow ﬂow across these units (Dogramaci et al., 2001;
Dogramaci and Herczeg, 2002; Leaney et al., 2003). Only the Geera
Clay, which comprises up to 75 m of massive clays with minor sand and
silt layers (Fig. 1b), is likely an eﬀective aquitard.
2.3. Groundwater residence times
The 14C activities of groundwater from all formations in the
Riverine Province of Victoria are generally in the range 5 to> 100 pMC
(Calf et al., 1986; Cartwright et al., 2012; Cartwright and Morgenstern,
2012), which are signiﬁcantly above background levels of ~2 pMC.
Shallow groundwater from the Murray Group and Renmark Formation
in the Mallee Limestone Province of western Victoria and South Aus-
tralia locally has 14C activities that are above background levels
(Leaney and Allison, 1986; Leaney and Herczeg, 1999; Leaney et al.,
2003; Cartwright et al., 2010a). Most of the 14C activities in these
studies were determined by accelerator mass spectrometry (AMS) on
DIC extracted from small volumes of water in the laboratory. The
groundwater was generally extracted using piston ﬂow or impeller
pumps that reduce sample contact with the atmosphere. These proce-
dures reduce the likelihood of introduction of 14C from the atmosphere
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Fig. 2. a. Total dissolved solids (TDS) of the groundwater
in the shallowest aquifers in the Victorian portion of the
Murray Basin (after Evans and Kellett, 1989 and
Cartwright et al., 2008, 2012). Towns: AW= Albury-Wo-
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(Aggarwal et al., 2014), and atmospheric contamination certainly could
not account for 14C activities that are well above background. Thus,
groundwater residence times must be generally< 30 ka and in many
cases only a few ka. Only deeper groundwater from the Mallee-Lime-
stone Province has below background 14C activities and longer re-
sidence times (Leaney and Allison, 1986; Leaney and Herczeg, 1999;
Leaney et al., 2003). Except for groundwater in the deep leads, the
vertical and lateral distribution of 14C activities are irregular, which is
consistent with considerable inter-aquifer ﬂow and mixing occurring.
2.4. Groundwater salinity
The TDS concentrations of the groundwater vary markedly (Evans
and Kellett, 1989). The deep lead systems, such as the Ovens, Goulburn,
Campaspe, and Loddon catchments, commonly contain lower salinity
groundwater (TDS< 13,000 mg/L), while the regions outside the deep
leads generally contain more saline groundwater (Fig. 2a). Saline lakes
and playas exist across much of the basin, especially in the central re-
gions (Fig. 2a). The groundwater underneath these lakes very locally
has very high salinities (TDS up to 300,000 mg/L: Macumber, 1992;
Jones et al., 1994; Petrides et al., 2006).
Groundwater salinities are commonly similar throughout the
aquifer sequence (i.e., deeper and shallower aquifers in a given area
generally contain groundwater with similar salinity: Figs. 2a, 3b). De-
spite the wide range of groundwater salinities, the processes controlling
the major ion geochemistry are similar throughout the southern Murray
Basin (Arad and Evans, 1987; Herczeg et al., 2001; Cartwright and
Weaver, 2005; Cartwright et al., 2006, 2008; Petrides et al., 2006). The
lack of elevated Cl/Br ratios implies that the main process that produces
the saline groundwater is evapotranspiration of rainfall rather than
halite dissolution. The major ion geochemistry demonstrates that minor
dissolution of silicate minerals, calcite, and gypsum has also occurred.
Cation exchange (especially the sorption of Na onto clays in exchange
for Ca and Mg) and calcite precipitation occurs in the more saline
water. The combination of these processes produces NaCl-dominated
groundwater in much of the basin. Many of the silicate-dominated
aquifers in the southern Murray Basin are relatively unreactive and
most of the saline groundwater is oversaturated with respect to many of
the aquifer forming minerals. Thus, water-rock interaction during
groundwater ﬂow is limited and groundwater geochemistry probably
changes little following recharge (Herczeg et al., 2001).
3. Data sources and methods
Groundwater was sampled from monitoring bores that form part of
the Victorian State Observation Bore Network using an impeller pump
for samples from< 25 m and a QED Micro Purge bladder pump or
Bennett piston pump for deeper samples. While a range of major ions
were analysed, only Cl and Br concentrations are reported here
(Table 2). Cl and Br concentrations were analysed on ﬁltered un-
acidiﬁed samples using a Thermo Fisher ion chromatograph at Monash
University. The precision of Cl analyses based on replicate analyses
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is ± 2% and the accuracy based on analysis of certiﬁed water standards
is± 5%. All of the groundwater had been sampled in previous studies
(Table 2) and the concentrations of Cl and the other major ions were
within 15% of those previously recorded. R36Cl values (Table 2), were
determined by AMS using the 14UD accelerator at the Australian Na-
tional University and techniques described by (Fiﬁeld et al., 2013).
Analytical uncertainty of R36Cl measurements is between 4 and 6% of
the measured value (Table 2).
The mass of Cl stored in the groundwater was estimated using the
ArcMap 10 Geographical Information System (GIS) and datasets pro-
vided by the Victorian State Government (https://www.data.vic.gov.
au/). Suitable datasets are only available for Victoria and detailed
analysis is only possible in the Victorian portion of the basin. The extent
of the Murray Basin was deﬁned by the surface water catchments that
Table 2
Geochemistry of groundwater from the southeast Murray Basin.
Borea Eb Nb Depthc (m) Cl Br Cl/Br a14C R36Cl Refd
mg/L mg/L mol/mol pMC
Campaspee
Calivil-Renmarkf
62,589 284,299 5,956,000 75 57 0.25 506 74.2 58 ± 3 1
79,327 296,050 5,990,900 110 76 0.32 532 42.5 75 ± 4 1
102,828 289,200 6,004,650 95 986 3.22 689 32.8 76 ± 4 1
102,827 289,200 6,004,650 120 1480 5.17 647 19.6 74 ± 4 1
Shepparton
79,328 79,328 5,990,900 26 326 1.24 592 69.1 78 ± 4 1
102,830 102,830 6,004,650 22 28 0.09 706 56.2 131 ± 6 1
102,829 102,829 6,004,650 65 1100 3.75 663 10.3 76 ± 4 1
Lake Cooper
Calivil-Renmark
57,134 305,440 5,959,960 66 10,500 26.8 880 3.9 77 ± 4 2
54,456 312,300 5,960,200 58 17,400 50.7 774 54.6 64 ± 3 2
64,387 315,280 5,966,587 106 15,400 48.9 712 13.6 51 ± 3 2
73,538 320,250 5,969,750 73 14,200 39.8 805 15.3 56 ± 3 2
73,427 313,300 5,982,300 100 4230 13.5 706 18.0 68 ± 4 2
62,036 303,151 5,985,250 137.16 1590 5.8 613 39.9 78 ± 4 2
95,588 314,150 5,987,350 104 5930 19.0 702 21.4 70 ± 4 2
Shepparton
4868 307,525 5,940,116 60 8510 25.3 757 18.2 86 ± 4 2
45,458 303,635 5,943,212 23 3460 11.3 688 96.7 86 ± 4 2
4869 303,635 5,943,212 60 2530 7.6 751 31.6 81 ± 4 2
54,459 312,400 5,960,150 15 11,400 36.6 705 107.3 74 ± 4 2
64,388 315,281 5,966,566 9 1720 5.0 778 91.0 88 ± 5 2
95,170 312,250 5,974,400 10.5 711 2.7 604 113.0 108 ± 5 2
73,429 313,300 5,982,300 12 1430 5.2 621 112.2 108 ± 5 2
62,037 303,200 5,985,250 14 2530 9.6 591 120.0 101 ± 5 2
95,590 314,150 5,987,350 10.5 67 0.2 640 109.6 164 ± 5 2
Goulburn
Calivil–Renmark
98,177 338,500 5,933,350 29 57 0.16 803 73.9 71 ± 4 3
46,193 355,900 5,959,250 105 64 0.23 627 11.5 85 ± 4 3
46,196 356,300 5,959,300 90 88 0.3 661 12.8 62 ± 3 3
97,740 340,300 5,992,300 127 1260 4.95 571 35.0 98 ± 5 3
56,424 361,000 5,992,600 132 2500 9.4 599 8.9 95 ± 5 3
73,403 328,000 6,001,200 114 243 0.68 805 47.2 69 ± 3 3
88,009 331,500 6,018,100 213 1290 5.25 552 19.0 100 ± 5 3
92,404 358,394 6,028,518 128 63 0.2 710 72.6 110 ± 6 3
Shepparton
46,703 338,721 5,915,594 12 121 0.43 634 105.2 200 ± 10 3
97,749 340,260 5,992,320 4 1670 4.7 801 103.6 95 ± 5 3
73,405 328,000 6,001,200 62 1850 5.9 706 7.6 91 ± 5 3
73,404 328,000 6,001,300 14 227 0.62 825 67.4 88 ± 4 3
88,010 331,500 6,018,100 10 57 0.31 414 77.3 170 ± 9 3
92,444 358,394 6,028,518 5 47 0.51 208 119.7 230 ± 12 3
Wimmera-Mallee
Calivil–Renmark
77,102 572,564 6,112,989 410 25,000 72.3 779 24 ± 2
77,030 552,069 6,186,120 425 24,400 71.8 766 21 ± 2
103,159 582,456 6,186,665 546 18,970 60.3 709 19 ± 2
Murray Group
103,161 582,441 6,186,647 260 25,600 65.8 877 21 ± 2
a Bore numbers refer to the state observation network of Victoria Government Department of Environment, Land, Water and Planning (http://data.water.vic.gov.au/monitoring.htm).
b Eastings and northings on the Australian Map Grid Fig. 2).
c Depth of the middle of the screened interval below ground surface.
d Data sources. Bold numbers are from this study. Other data from 1: Cartwright et al. (2007b), 2: Cartwright et al. (2007a), 3: Cartwright et al. (2006).
e Catchment (Fig. 2).
f Aquifer (Fig. 1, Table 1).
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correspond to the northern draining river systems in Victoria (Fig. 2b).
Grid ﬁles of lower and upper surface elevations for the aquifers and
aquitards in the Victorian Aquifer Framework (Table 1) were used to
calculate the extent and volume of each aquifer. The typical regional
TDS concentrations of groundwater are contained in a series of shape-
ﬁles that deﬁne beneﬁcial water use; these assign TDS into ﬁve cate-
gories (1 to 500 mg/L, 501 to 1000 mg/L, 1001 to 3500 mg/L, 3501 to
13,000 mg/L, and 13,001–200,000 mg/L). The beneﬁcial use data are
aggregated for the Lower Tertiary, Mid Tertiary, Upper Tertiary, and
Water Table units and the correspondence to the aquifers and aquitards
is shown in Table 1. The TDS concentrations were converted to a mass
of Cl per cubic meter of aquifer by initially assuming a porosity of 0.15
(Evans and Kellett, 1989; Herczeg et al., 2001; Cartwright et al., 2008)
and a relationship between Cl and TDS of 1 kg TDS = 0.55 kg Cl
(Cartwright et al., 2008). The range of TDS concentrations in the ben-
eﬁcial use datasets were used to bracket the minimum and maximum
inventories of Cl. Whereas carrying out the calculations for the lower
range of TDS concentrations is straightforward, the maximum TDS
(200,000 mg/L) only occurs very locally. Thus the upper limits of the Cl
inventory were calculated assuming that the highest TDS was either
25,000 mg/L (13,750 mg/L Cl) or 50,000 mg/L (27,500 mg/L Cl),
which are salinities more commonly recorded in the most saline Murray
Basin groundwater.
The aquifer thickness, area, and the mass of Cl were subsequently
used to calculate the total Cl inventory for the Victorian portion of the
basin (Table 3). In many parts of the basin, groundwater ﬂow is in a
similar direction to the surface drainage, and assessing the Cl in-
ventories in the individual catchments provides a convenient frame-
work to examine spatial variations in Cl abundance (Table 3). Because
groundwater ﬂows from the Wimmera catchment into the Mallee
(Fig. 1a), these two catchments are grouped into a single Wimmera-
Mallee catchment. The Cl concentrations of rainfall and dry deposition
and the average annual rainfall totals (Davies and Crosbie, 2014) were
used to calculate the Cl input. Cl accession times are then calculated as
the ratio of the Cl stored in the groundwater to that delivered annually
by rainfall (Wood and Sanford, 1995). Uncertainties in these calcula-
tions are discussed below.
4. Results
4.1. Cl inventory
The calculated total mass of Cl contained in the Victorian portion of
the Murray Basin is between 12,500 and 47,100 MT (Table 3). Between
4200 and 15,400 MT (33 to 35%) of this Cl is contained in the Renmark
Group. The conﬁning units that envelop the Murray Group contain
5500 to 21,200 MT or 32 to 45% of the total Cl, the majority of it within
the Geera Clay. Approximately 84% of the Cl (between 10,400 and
39,300 MT) of the Cl in the Victorian portion of the Murray Basin is
contained in the Wimmera-Mallee region. This is due to a combination
of the thickness of the basin sediments and the high salinity of the
groundwater in this region (Figs. 1–3). In the northern Wimmera-
Mallee region, the Renmark Group locally contains at least 410 kg/Cl
per m2 areal extent (Fig. 3c).
The estimates of the mass of Cl stored in the groundwater are of
similar order of magnitude to those made previously using less detailed
data. For example, Evans and Kellett (1989) estimated the volume of
water of diﬀerent salinities in the Murray Basin as a whole. Those data
suggest that the net TDS centration of the Renmark Group groundwater
is at least 13,800 MT (which equates to at least 7600 MT of Cl). Ad-
ditionally, Simpson and Herczeg (1994) estimated the Murray Basin
aquifers as a whole contained at least 35,000 MT of Cl.
In general, the aquifers become thinner and the salinity of the
groundwater decreases eastward (Figs. 1–3); consequently, the mass of
Cl stored in the groundwater is lower in the east of the region. Locally,
however, there are regions in the southeast of the Murray Basin with
high Cl accumulations. For example, groundwater in both the Shep-
parton and Calivil-Renmark Formations in the Lake Cooper region,
which occurs at the southwest margin of the Goulburn Catchment, has
TDS concentrations of up to 35,000 mg/L (Figs. 1a, 2a). The median
groundwater Cl concentration in the Lake Cooper area is ~20,000 mg/
L (Cartwright et al., 2007a), which given the volumes of aquifers in that
area translates to ~25 MT of Cl underlying an area of ~280 km2. Si-
milar occurrences of high-salinity groundwater exist locally in other
south-eastern catchments, such as the Broken and Ovens (Fig. 2a).
4.2. Cl input via rainfall
The present day input of Cl in rainfall in the Victorian portion of the
Murray Basin calculated from the rainfall amounts and the Cl con-
centration of rainfall and dry deposition (Crosbie et al., 2012) is
4 × 10−9 to 7 × 10−9 MT/ha/yr (4 to 7 kg/ha/yr). The the overall Cl
input to the individual catchments increases westwards (Table 3) and
the area-weighted Cl input for the Victorian portion of the Murray Basin
is ~7.2 × 10−2 MT/yr. This estimate is similar to the estimated annual
delivery of Cl to the entire Murray Basin of 2.7 × 10−1 MT made using
diﬀerent datasets by Simpson and Herczeg (1994).
4.3. R36Cl of Murray Basin groundwater
The R36Cl values of groundwater from the Campaspe and Goulburn
catchments are summarised in Fig. 4. This region includes the lower
salinity groundwater in the Goulburn and Campaspe deep leads and the
higher salinity groundwater from the Lake Cooper area (Fig. 2a). Lo-
cally groundwater from the Shepparton Formation has R36Cl values up
to 230 (Fig. 4a), although the R36Cl values in the majority of Shep-
parton Formation groundwater are between 75 and 110. The Calivil-
Renmark groundwater has R36Cl values between 50 and 110 (Fig. 4a).
R36Cl values of 5 to 10 typically are produced in secular equilibrium
with siliceous aquifers (Cresswell et al., 1999; Love et al., 2000;
Phillips, 2000; Lehmann et al., 2003; Lavastre et al., 2010). There are
few published geochemical analyses of the Murray Basin sediments and
insuﬃcient data from which to calculate R36Cl values at secular equi-
librium. U and Th concentrations of Renmark sandstones from northern
Victoria are 0.4 to 0.8 ppm and 3.4 to 8.7 ppm, respectively (Earth
Resources, 2017). These are similar to those of sandstones in the Great
Artesian Basin that resulted in secular equilibrium R36Cl values of ~6
(Lehmann et al., 2003). Given the lack of highly radiogenic lithologies,
such as granites, within the Murray Basin, it is most likely that the
secular equilibrium R36Cl values are much lower than those of the
groundwater. The Shepparton Formation groundwater with R36Cl va-
lues> 110 most probably includes a component of “bomb-pulse” 36Cl
that was input during or following the atmospheric nuclear tests in the
1950s and 1960s (Phillips, 2000). This interpretation is consistent with
the observation that the high R36Cl values are from shallow ground-
water with low Cl concentrations and locally high 14C activities
(Fig. 4c).
Excluding the bomb-pulse samples, there is a northward increase in
R36Cl values (Fig. 4a) that mirrors the predicted trend of R36Cl values of
rainfall (Fig. 1). The R36Cl values of this groundwater are, however,
signiﬁcantly higher than the calculated values of R36Cl in rainfall in this
area of between 50 and 70 (Davie, 1989). This is most likely due to the
resuspension of dust (Simpson and Herczeg, 1994), which results in the
measured R36Cl values of rainfall across the Murray Basin being higher
by around a factor of two than calculated values (Chivas and Fiﬁeld,
personal communication). Especially in the Lake Cooper area, the Ca-
livil-Renmark groundwater has lower R36Cl values than that of the
immediately overlying Shepparton Formation. Despite the groundwater
varying considerably in salinity (Cl concentrations between 50 and
17,400 mg/L), there is no correlation between R36Cl values and Cl
concentrations (Fig. 4b).
Groundwater from the Wimmera-Mallee region in Victoria and
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South Australia has similar Cl geochemistry. Speciﬁcally there is a
general northwards increase in R36Cl values, which parallels the cal-
culated trend in rainfall values (Davie, 1989), and there is no correla-
tion between R36Cl values and groundwater salinity (Fig. 5). Despite
this region containing very saline groundwater and being close to the
regional discharge area of the Murray Basin, R36Cl values in the ma-
jority of the groundwater, including from the deeper Renmark Forma-
tion, are> 20. The groundwater R36Cl values are generally at least
30% of the predicted rainfall R36Cl values (Fig. 5). Since groundwater
in this part of the Murray Basin ﬂows northwards, these are
conservative estimates as the rainfall R36Cl values in the recharge areas
in the south of the Murray Basin will be lower than that in the regions
where the groundwater was sampled (Davie, 1989).
Some deeper groundwater in the Wimmera and Mallee region has
14C activities that are below detection (Leaney and Herczeg, 1999).
However, most of the groundwater (including much of the highly saline
groundwater) in the Victorian portion of the basin has above back-
ground 14C activities (Cartwright et al., 2012, and references therein).
Groundwater in the Campaspe, Goulburn, and Lake Cooper regions has
14C activities between 4 and> 100 pMC (Fig. 4c,d). Aside from the
Table 3
Estimates of Cl inventories and accession times in Murray Basin groundwater.
Catchmenta All Wimmera-
Mallee
Avoca Loddon Campaspe Goulburn Broken Ovens Kiewa Upper Murray
Area (ha) 1.31 × 107 5.18 × 106 1.24 × 106 1.51 × 106 4.18 × 105 1.68 × 106 7.20 × 105 5.12 × 105 7.79 × 105 1.01 × 106
Cl input (MT/ha/yr)b 5.5 × 10−9 7.1 × 10−9 5.9 × 10−9 6.2 × 10−9 5.1 × 10−9 4.9 × 10−9 5.0 × 10−9 4.3 × 10−9 4.1 × 10−9 4.2 × 10−9
Cl input (MT/yr)c 7.2 × 10−2 3.7 × 10−2 7.3 × 10−3 9.4 × 10−3 2.1 × 10−3 8.2 × 10−3 3.6 × 10−3 2.2 × 10−3 3.2 × 10−3 4.2 × 10−3
Cl inventory (MT)d
QA (Surﬁcial seds) 237 217 9.14 7.52 0.56 1.47 0.17 0.16 0.05 0.35
UTB (Newer Volcanics) 4.28 0 0 3.79 0.30 0.19 0 0 0 0
UTQA (Shepparton) 368 16.6 19.1 187 6.69 70.9 62.1 5.70 0.21 0.07
UTQD (Blanchetown) 389 351 37.7 0 0 0 0 0 0 0
UTAM (Loxton-Parilla) 1740 1740 0 0 0 0 0 0 0 0
UTAF (Calivil) 47.0 4.65 5.17 19.6 1.90 10.0 5.31 0.27 0.03 0
UTD (Bookpurnong) 1770 1650 12 0 0 0 0 0 0 0
UMTA (Murray) 1730 1240 408 86.2 0 0 0 0 0 0
UMTD (Geera,
Winnambool)
1510 873 616 22.6 0 0 0 0 0 0
LMTD (Ettrick) 466 466 0 0 0 0 0 0 0 0
LTA (Renmark) 4190 3830 176 156 4.22 13.9 12.1 0 0 0
Totale 12,450 10,390 1283 483 13.7 96.5 79.7 6.13 0.29 0.42
%f 83.5 11.2 3.9 0.1 0.8 0.6 0.1 < 0.1 < 0.1
Accession time (ka)g 173 286 187 53 6.5 11 22 2.0 0.09 0.10
Cl inventory (MT)h
QA (Surﬁcial seds) 472 441 4.61 16.9 1.96 4.37 0.46 0.56 0.21 0.65
UTB (Newer Volcanics) 15.0 0 0 13.0 0.93 0.62 0 0 0 0
UTQA (Shepparton) 975 43.4 45.0 443 23.2 198 201 19.9 0.83 0.65
UTQD (Blanchetown) 762 689 72.5 0 0 0 0 0 0 0
UTAM (Loxton-Parilla) 3750 3750 0 0 0 0 0 0 0 0
UTAF (Calivil) 164 12.3 16.8 72.7 6.57 37.4 19.0 0.97 0.10 0
UTD (Bookpurnong) 3520 3280 230 0 0 0 0 0 0 0
UMTA (Murray) 3600 2580 807 213 0 0 0 0 0 0
UMTD (Geera,
Winnambool)
3090 1840 1230 47.9 0 0 0 0 0 0
LMTD (Ettrick) 937 937 0 0 0 0 0 0 0 0
LTA (Renmark) 9030 8170 425 366 15.0 50.4 42.1 0 0 0
Totalh 26,320 21,750 2830 1172 48.5 291 263 21.4 1.14 1.30
Accession time (ka) 365 599 381 129 23 35 73 6.9 0.37 0.32
Cl inventory (MT)i
QA (Surﬁcial seds) 867 760.99 31.9 26.8 23.2 5.30 0.57 0.56 0.83 0.65
UTB (Newer Volcanics) 15.0 0 0 13.0 0.93 0.62 0 0 0 0
UTQA (Shepparton) 1382 62.74 72.9 709 23.2 266 231 19.9 0.83 0.65
UTQD (Blanchetown) 1500 1350.13 145 0 0 0 0 0 0 0
UTAM (Loxton-Parilla) 6670 6675.33 0 0 0 0 0 0 0 0
UTAF (Calivil) 171 17.71 19.3 72.7 6.57 37.4 19.0 0.97 0.10 0
UTD (Bookpurnong) 6820 6372.39 464 0 0 0 0 0 0 0
UMTA (Murray) 6670 4773.50 1580 330 0 0 0 0 0 0
UMTD (Geera,
Winnambool)
5830 3368.74 2390 87.3 0 0 0 0 0 0
LMTD (Ettrick) 1800 1804.17 0 0 0 0 0 0 0 0
LTA (Renmark) 15,400 14,072.31 641 579 15.8 50.4 42.2 0 0 0
Total 47,120 39,260 5340 1820 69.8 359 292 21.4 1.76 1.30
Accession time (ka) 654 1082 720 200 33 44 81 6.9 0.56 0.32
a Catchments on Fig. 2 (All is the entire catchment area).
b Cl input calculated from rainfall totals and salinity of rainfall.
c Total Cl input to the catchment.
d Estimated minimum Cl stored in the aquifers and aquitards (see Table 1 for abbreviations).
e Estimated minimum total Cl stored in groundwater in each catchment.
f Percentage of Cl in the Victorian portion of the Murray Basin.
g Time required for Cl to accumulate assuming that rainfall is the only input.
h Estimated maximum total Cl stored in groundwater assuming the highest TDS is 25,000 mg/L.
i Estimated maximum total Cl stored in groundwater assuming the highest TDS is 50,000 mg/L.
I. Cartwright et al. Chemical Geology xxx (xxxx) xxx–xxx
8
ab
c
d
Fig. 4. R36Cl values of groundwater from the Lake Cooper, Goulburn,
and Campaspe catchments (Fig. 2b). 4a. R36Cl values vs. northing
(which broadly corresponds to distance along ﬂow paths). 4b. R36Cl
values vs. Cl concentrations. 4c. R36Cl values vs 14C activities (a14C).
4d. Cl concentrations vs 14C activities. Arrowed lines indicate trends
expected from various processes that may increase the salinity of
groundwater. Secular equilibrium with the aquifer matrix is estimated
to produce R36Cl values of 5–10. Uncertainties are smaller than the
symbol size except where indicated. Data from Table 2.
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samples containing a component of bomb pulse recharge, R36Cl values
remain relatively constant over a range of 14C activities and (Fig. 4c)
and there is no correlation between Cl concentrations and 14C activities
(Table 2). A similar lack of correlation between 14C activities and Cl
concentrations exists across the Riverine Province (Cartwright et al.,
2012).
5. Discussion
The geochemical data allows Cl accession times and residence times
to be estimated. It also allows assessment of the mechanisms that may
produce the high Cl concentrations in the Murray Basin.
5.1. Cl accession times
The Cl accession time was estimated by comparing the annual Cl
delivery to the Victorian portion of the Murray Basin (Fig. 2) with the
total Cl stored within the groundwater in that part of the basin.
Groundwater ﬂows north from the southern margins of the Murray
Basin (Fig. 1a) and thus there is no Cl import from groundwater re-
charged to the north of the region in Fig. 2. Similarly, groundwater and
surface water in the catchments to the south of the Murray Basin ﬂow
south and there is no input of water from that area.
Using the minimum groundwater Cl concentrations, the average
accession time for the Cl in Victorian portion of the Murray Basin is
~170 ka (Table 3, Fig. 6). The minimum Cl accession times increase
westwards from ~0.1 ka in the Upper Murray and Kiewa catchments to
286 ka in the Wimmera-Mallee region. Using the upper estimates of the
mass of Cl contained in the aquifers, the accession times in individual
catchments vary from 0.3 ka to 599 ka if a maximum TDS of
25,000 mg/L is used and 0.3 to 1082 ka for a maximum TDS of
50,000 mg/L. The average accession times for those two calculations
are 365 and 654 ka, respectively. Cl accession times for the Lake Cooper
region estimated using the median Cl concentrations discussed above
are ~180 ka. These Cl accession times are of similar order of magnitude
to previous estimates for the Murray Basin as a whole (Evans and
Kellett, 1989; Jones et al., 1994; Simpson and Herczeg, 1994). In many
parts of the basin they exceed the estimated groundwater residence
times of< 30 ka (Fig. 6).
There are several uncertainties in these calculations. Firstly, there is
an assumption that all the Cl delivered to the Murray Basin is in-
corporated into the groundwater. Especially in the central and eastern
Victorian catchments, some Cl is exported via the river systems that
drain into the Murray River. Cl derived from groundwater that dis-
charges into the rivers forms part of the Cl inventory; however, Cl ex-
ported by surface runoﬀ does not. There are insuﬃcient data to quan-
tify the volume of Cl exported directly from the catchments; however, if
such Cl exists, the accession times will increase.
The calculated mass of Cl contained within the Murray Basin and
consequently the accession times is also dependant on the porosity es-
timate. The calculations used a uniform porosity of 0.15, which is in
agreement with other studies that generally quote porosities of 0.1 to
0.2 (Evans and Kellett, 1989; Herczeg et al., 2001; Cartwright et al.,
2008). If the average porosity were 0.1, it would reduce accession times
by 33%, whereas a porosity of 0.2 would result in a 25% increase in
accession times. These diﬀerences do not aﬀect the overall conclusion
that the Cl accession times are longer than the groundwater residence
times. The correlation between TDS and Cl concentrations is derived
from a wide range of groundwater geochemistry measurements across
the Murray Basin that yield a similar relationship (e.g., as summarised
by Cartwright et al., 2008) and errors are likely to be minor. The Cl
deposition rates are based on measurements of Cl in rainfall over only a
few years that may not be representative of long-term averages. How-
ever, they are similar to the range of Cl concentrations generally
measured in inland rainfall globally (Drever, 1997; Davis et al., 1998).
While groundwater salinities are locally heterogeneous, the ranges
in the beneﬁcial use datasets are suﬃciently broad that they bracket the
actual salinity of most of the groundwater in individual areas. A con-
servative upper limit to salinities has been adopted and, even using the
minimum salinities, the Cl accession times in many parts of the basin
still exceed the groundwater residence times. The beneﬁcial use data-
sets are constructed mainly from groundwater salinities in the aquifers
and, while the salinity of groundwater in the aquitards is similar (e.g.,
Evans and Kellett, 1989; O'Rouke et al., 1991; Jones et al., 1994;
Cartwright et al., 2010a), it is less well known. However, considering
only the Cl contained in the main aquifers (i.e. the Loxton Parilla Sands,
Renmark Group and Murray Limestone) in the Wimmera-Mallee region,
the Cl accession time is still at least 190 ka. Overall, while there are
uncertainties in these the calculations, the conclusion that Cl accession
times are locally several hundred thousand years remain robust.
5.2. Cl residence times
It is diﬃcult to use the R36Cl values to calculate precise Cl residence
times. The predicted R36Cl values in rainfall vary across the basin
(Fig. 1a) and, as discussed above, there is evidence that the actual R36Cl
values of rainfall may be higher. Furthermore, rainfall R36Cl values vary
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Fig. 5. R36Cl values vs. Cl concentrations in groundwater in the Wimmera-Mallee region
of Victoria and eastern South Australia. Secular equilibrium with the aquifer matrix is
estimated to produce R36Cl values of 5–10 (Cresswell et al., 1999; Phillips, 2000). Un-
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(1989) and Table 2.
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Fig. 6. Summary of calculated Cl accession times in the Victorian portion of the Murray
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temporally due to climate variations, and those variations are not al-
ways well documented (Phillips, 2000). Some general estimates, how-
ever, may be made. R36Cl values of the Calivil-Renmark groundwater in
the Lake Cooper region are 25 to 40 lower than those in the Shepparton
Formation (discounting the samples with bomb pulse R36Cl values). If
the Shepparton Formation R36Cl values are used as the input, the Cl
residence time in the Calivil-Renmark Formation would be between
approximately 100 and 300 ka, which spans the calculated Cl accession
time of 180 Ma. In the adjacent Goulburn and Campaspe deep leads,
there is less diﬀerence between the R36Cl values of the Shepparton and
Calivil-Renmark Formation groundwater. This implies that Cl residence
times are shorter and the lower salinity groundwater in those areas
suggests that the Cl accession times are also shorter. In the Wimmera-
Mallee region, the lowest R36Cl values are ~30% of the R36Cl values of
local rainfall. Using the rainfall R36Cl values as the input values implies
a residence time of at least 500 ka that is similar to the minimum ac-
cession time. More generally, the observation that the R36Cl values are
above those expected at secular equilibrium suggests that Cl residence
times are< 1 Ma, and thus not signiﬁcantly longer than the Cl acces-
sion times.
5.3. Mechanisms for generating high Cl groundwater
Any successful explanation for the high Cl concentrations in the
Murray Basin must explain the following observations: 1) Cl accession
times are commonly signiﬁcantly greater than the groundwater re-
sidence times estimated by 14C; 2) R36Cl values are higher than those
that would be expected for 36Cl in secular equilibrium with the aquifer
minerals; 3) R36Cl values are not correlated with groundwater Cl con-
centrations; and 4) groundwater Cl concentrations are spatially variable
both on the regional and local scale. Below, diﬀerent possible ex-
planations for the high Cl concentrations are assessed against these and
other observations.
5.3.1. Dissolution of halite
Dissolution of halite can introduce old Cl to relatively young
groundwater without aﬀecting 14C activities (e.g., Banner et al., 1989).
This mechanism, however, is precluded by the following observations.
Firstly, Cl/Br ratios of Murray Basin groundwater are invariably well
below those that would be produced by halite dissolution (Arad and
Evans, 1987; Herczeg et al., 2001; Cartwright et al., 2006) (Fig. 7a).
Secondly, there are no major halite-bearing units recorded in the
Murray Basin. Finally, since any halite would have low R36Cl values,
halite dissolution would produce an inverse correlation between R36Cl
and Cl concentrations that is not observed (Figs. 4, 5).
5.3.2. Incorporation of connate water
The area of highest Cl accumulation coincides with the occurrence
of marine sediments in the Wimmera-Mallee region, and thus Cl may be
derived from fossil brines trapped within the basin (c.f., Fabryka-Martin
et al., 1991). This mechanism would account for the observation that
Cl/Br ratios are similar to those in ocean water. The brines would re-
present a source of 14C–free DIC, which is not consistent with the ob-
servation that much of the saline groundwater has high 14C activities
(e.g., Fig. 4). However, many moderately saline waters are over-
saturated with respect to calcite and dolomite and, as calcite readily
precipitates, DIC/Cl ratios commonly decrease as salinity increases
(Herczeg et al., 2001; Cendón et al., 2008; Cartwright et al., 2012;
Kharaka and Hanor, 2013). Hence, mixing of brines that have low DIC/
Cl ratios with younger groundwater could add signiﬁcant Cl with little
dilution of 14C activities.
This explanation, however, is highly unlikely because of the fol-
lowing observations. Firstly, the δ18O and δ2H values of groundwater
within the basin preclude the widespread presence of seawater (Jones
et al., 1994; Herczeg et al., 2001; Cartwright et al., 2012). The trend in
δ18O values vs. Cl concentrations is also diﬀerent to that expected for
the mixing of terrestrial recharge and connate water (Fig. 7b). Further,
due to its long residence time (several Ma), the brine would have low
R36Cl values and mixing would produce an inverse correlation between
R36Cl values and Cl concentration that is not observed (Figs. 4b, 5).
Additionally, this mechanism does not explain the locally high Cl
concentrations in the eastern areas of the Murray Basin where the se-
diments are terrestrial (e.g., at Lake Cooper). Finally, the basin sedi-
ments have been ﬂushed with meteoric water several times since de-
position (Evans and Kellett, 1989). Thus, it is highly unlikely that
suﬃcient fossil brines could remain in the basin to aﬀect the geo-
chemistry of modern-day groundwater.
5.3.3. Diﬀusion of Cl from clays
This is a commonly invoked mechanism for introducing Cl to
groundwater (Hendry and Schwartz, 1988; Hendry et al., 1991;
Fabryka-Martin et al., 1991). Similar to mixing with connate water, the
diﬀusion of Cl-rich brines from clays could explain the Cl/Br ratios and
may not aﬀect the 14C activities signiﬁcantly. If the water in the clays
originated from rainfall, this mechanism would also explain the ob-
served δ18O and δ2H values. The regions of high Cl accumulation co-
incide with where the Tertiary aquitards are thickest and there are
thinner low-permeability layers elsewhere in the basin. Diﬀusion of Cl
from clays generally occurs over millions of years (Fabryka-Martin
et al., 1991) requiring that the Cl stored in the clay had long residence
times. As with halite dissolution, the input of old Cl would produce an
inverse correlation between R36Cl values and Cl concentrations in the
aquifers, which is not observed. Additionally, the volume of the main
Renmark Group and Murray Limestone aquifers in the Wimmera-Mallee
region is greater than that of the aquitards (Fig. 1b). Hence, the Cl
concentrations of groundwater in the clays would need to be sig-
niﬁcantly higher than the Cl concentrations in groundwater in the
aquifers. While the geochemistry of groundwater from the aquitards in
the Murray Basin is less well known than that of the aquifers, there are
no indications that that is the case (e.g. Evans and Kellett, 1989;
O'Rouke et al., 1991; Jones et al., 1994; Cartwright et al., 2008, 2010a).
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Leaney and Herczeg (1999), Cartwright and Weaver (2005), Petrides et al. (2006);
Cartwright et al. (2006, 2007a, 2007b, 2010a) and Cartwright and Morgenstern (2012).
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5.3.4. Evapotranspiration
There are abundant saline lakes and playas in the Murray Basin,
especially in the centre of the basin where groundwater Cl concentra-
tions are also highest (Fig. 2a). Some saline lakes are through-ﬂow lakes
that have outﬂows of saline groundwater (Macumber, 1991). Other
lakes and playas are local groundwater discharge zones that recycle Cl
into the aquifer via reﬂux (i.e., when the lake water density increases
suﬃciently to reverse the upward head gradient) or due to sporadic
reversals of head gradients during wet periods (Herczeg et al., 1992;
Macumber, 1992; Jones et al., 1994; Cartwright et al., 2007c). Eva-
poration in the lakes and playas increases the salinity of the water and
mixing with recent rainfall introduces 14C, which would explain the
observation that groundwater with above background 14C has Cl ac-
cession times of several hundred thousand years. Because the salt crusts
in many of the lakes redissolve during wet periods, they do not re-
present a long-term major sink of Cl. Indeed, the salt crust of the largest
currently active saline lake, Lake Tyrell, is typically only a few centi-
metres to tens of centimetres thick (Macumber, 1991). If both Cl and Br
are recycled back into the groundwater system, the Cl/Br ratios will be
similar to those of rainfall.
It is questionable, however, whether the area of lakes in the Murray
Basin is suﬃcient to generate the very signiﬁcant volumes of Cl con-
tained in the aquifers. Additionally, while the lakes and playas are
widespread, they are less common in the east of the basin where
groundwater Cl concentrations are still locally high. An alternative but
related explanation for the locally high Cl concentrations is that high
evapotranspiration rates concentrates Cl in the soil zone or regolith.
Rainfall in southeast Australia is amongst the most variable in the world
and typically, several years of below average rainfall are separated by
wetter periods of one to two years (Bureau of Meteorology, 2017).
Solutes may build up in the unsaturated zone during the dry periods
and be transported into the aquifer by periodic recharge in the wetter
years. Groundwater salinities across the Murray Basin are lowest in the
deep leads and southern Mallee region where the soils are sandy and
highest where soils and the underlying regolith is clay-rich (Leaney
et al., 2003; Cartwright et al., 2006). The sandier soils result in higher
recharge rates and less accumulation of Cl in the unsaturated zone.
For either of these explanations to be viable, there needs to be
signiﬁcant cross-formational ﬂow. In many regions of the Murray Basin,
especially in the more saline areas outside the deep leads, the dis-
tribution of groundwater salinities, 14C activities, δ13C values of DIC,
and 87Sr/86Sr ratios implies that cross-formational ﬂow is common
(Dogramaci et al., 2001; Dogramaci and Herczeg, 2002; Cartwright
et al., 2008, 2010a, 2012). Additionally, groundwater ﬂow through the
Shepparton Formation in much of the Riverine Province is near vertical
due to the contrast in hydraulic conductivities with the underlying
Calivil and Renmark Formations. Only where the Geera Clay is thickest
is there an eﬀective barrier to vertical ﬂow (Evans and Kellett, 1989;
Cartwright et al., 2010a) and this unit is restricted to a relatively small
part of the basin. Overall, this model explains the geochemical data and
is considered to be the most likely cause of the high salinities in the
Murray Basin.
6. Conclusions
The Murray Basin illustrates that signiﬁcant decoupling between
water and solutes can occur in regional aquifers resulting in the ac-
cession times of Cl being signiﬁcantly longer than the groundwater
residence times. Taken in combination, the data presented in this study
imply that Cl is not derived from old stores such as halite deposits,
connate brines, or diﬀusion from clays. Rather, the Cl has most likely
been delivered by rainfall over the last million years.
Evapotranspiration is a major process in the Murray Basin and is the
most plausible mechanism to concentrate the Cl, either within the soils
zones or in through-ﬂow lakes and playas. A number of local factors
result in the high evapotranspiration rates and the decoupling of solutes
and water in the Murray Basin. The semi-arid climate combined with
the water-eﬃcient native vegetation results in high evapotranspiration
rates. Because the recharge areas of the Murray Basin are very broad,
evapotranspiration occurs over large regions. The subdued topography
results in numerous local discharge sites that revert to recharge sites
during periods of higher rainfall, which recycle the solutes into the
groundwater. Groundwater outﬂows from the basin (either directly or
via the Murray River) are limited, which also leads to the recycling of
solutes. Finally, cross-formational ﬂow is common, which results in
shallow saline groundwater ﬂowing into the deeper aquifers.
Land clearing and irrigation over the last 200 years has resulted in a
rise of the regional water table, and several of the river catchments now
export more Cl than they currently receive due to increased ground-
water inﬂows (Allison et al., 1990; Cartwright et al., 2013). If this state
persists, the salinity of the Murray Basin groundwater will gradually
decrease. However, given the large volumes of Cl stored within the
aquifers, this will probably take hundreds of thousands to millions of
years to accomplish.
Saline groundwater exists in several other large basins globally. In
some cases, this may be explained by Cl diﬀusion from clays (Hendry
and Schwartz, 1988; Long et al., 1988; Lavastre et al., 2010; McIntosh
et al., 2011; Labotka et al., 2015) or halite dissolution (e.g., Banner
et al., 1989). However, similar processes to those described here may
account for the high salinities of groundwater in semi-arid areas (e.g.,
the Lake Eyre Basin: Tweed et al., 2011). More generally, estimating
both Cl accessiuon and residence times provides a framework to dis-
tinguish between the various models. Cl is commonly used as a tracer of
hydrogeological processes. However, if Cl accession times are com-
monly longer than groundwater residence times, then using Cl to esti-
mate groundwater residence times or recharge rates will produce er-
roneous results.
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